Flax, peas, cabbage, and tomato plants were grown in nutrient solutio::ls to which radio-active manganese (0.035 mc. of Mn54 ) was added with an excess of non-labelled manganese. The treatments included an excess of molybdenum as ammonium molybdate or sodium molybdate in addition to the excess manganese. With flax and peas a further radio-active treatment was studied in which the total manganese level was normal (0.5 p.p.m.). Radio-autographs and radio-assays of various plant tissues were made.
1. INTRODUCTION It has been shown (Millikan 1947 (Millikan , 1949 (Millikan , 1950 that the effects on flax of manganese in the nutrient solution may be profoundly affected by several factors, including nitrogen source and molybdenum supply. In continuation of this work, the present experiments were designed to determine, by the use of radio-active manganese (Mn 54 ), the distribution of manganese in plants grown " Plant Research Laboratory, Department of Agriculture, Burnley, Vic.
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in solutions containing a normal or excess level of this element. The effect of excess molybdenum, applied in conjunction with an excess of manganese, was also studied.
The radio-autograph technique was primarily used to provide this information. However, radio~assays were also made to confirm the existence of differences in manganese concentration in various tissues of the plants as revealed by the radio-autographs.
II. METHOD The general method employed for the conduct of nutrient solution cultures was similar to that described previously (Millikan 1950) . All experiments were performed out of doors. The pH of each solution was adjusted to 4.5 twice a week. However, to avoid contamination of the pH meter and other equipment, the reactions of the solutions containing radio-active manganese were adjusted to pH 4.5 on the basis of determinations made on a series of non-radio-active control cultures containing identical amounts of manganese and other chemicals. All treatments were set up in duplicate.
The total concentrations of manganese added to the various cultures were: flax, 50 p.p.m.; peas, cabbage, and tomato, 25 p.p.m. Further radio-active treatments containing a total of 0.5 p.p.m. of manganese were included in experiments with peas and flax. In the radio-active series, each culture received 0.035 mc. of Mn 54 . This isotope has a half life of 310 days. An excess of molybdenum (20 p.p.m.) as either ammonium molybdate or sodium molybdate was added to certain cultures in conjunction with excess manganese.
The number of plants per culture was: flax, ten; peas, six; cabbage and tomato, five, respectively. The flax and pea seed was germinated in washed sterilized sand, and the seedlings were transferred to the cultures approximately two days after emergence. The cabbage and tomato seedlings were grown in soil ifllfthe greenhouse and were transferred to the cultures about two to three weeks after emergence. At appropriate times samples of plants were taken. either for the preparation of radio-autographs, or for radio-assays for manganese.
In making gross radio-autographs, Kodirex no-screen X-ray film was used. The whoi~ plant or part, as the case may be, was first pressed flat and then placed on the film in the dark room. Where the plant material was fresh, it was fomid desirable to place a thin piece of cellophane between the film and the' specimen, to prevent damage to the emulsion. The film and specimen were next mounted between two glass plates, which were pressed tightly together and then bound fi~ly with "Durex" tape. The exposure time varied from approximately 6 to 12 days, according to the specimen. During this time the films were stored in light-tight boxes in a refrigerator. In opening up the glass plates to get the film after exposure,. it was found essential that the "Durex" tape be cut along the edges of the glass plates, and not pulled off the glass in any way, as a Hash of light sufficient to fog the film is produced as the tape leaves a glass surface.
For the radio-assays, composite samples were obtained from the duplicates of each treatment. The plants concerned were cut up into the required parts. Where the leaf or stipule edge and centre were assayed separately, the edge consisted of a strip approximately 3 mm. wide, and the remaining portion was designated the centre. With flax, the leaf top consisted of the distal third, and the leaf base the remaining two-thirds of the leaf. Similarly with pea tendrils, the top consisted of the distal third, and the base the remaining two-thirds. Each sample was placed in a small aluminium pan appropriately labelled beneath with a grease pencil, and was dried in an oven at 105°C. for at least three hours, after which the dry weight was obtained to the nearest 0.0001 g. The sample was then finely ground, spread evenly over the aluminium pan, and placed in a standard lead castle fitted with an EHM2 geiger tube for counting, as described by Oddie and Mibus (1949) . The method of calculation of the manganese content of the sample was according to that of Oddie (unpublished data 1950) . Manganese determinations made by the radio-assay method showed good agreement with similar determinations made by the conventional ash analysis.
III. RESULTS
(a) Flax
The characteristic symptoms of manganese toxicity in flax have been described (Millikan 1949) . Briefly, they consist of dwarfing, iron deficiency chlorosis, followed by necrosis of the top of the plant and necrosis of the lower (middle) leaves, commencing at the distal ends.
(i) Radio-autographs.-The radio-autographs of plants from the flax experiment reveal a difference in the distribution of manganese in the plant when this element is supplied at the normal (0.5 p.p.m.) and excess (50 p.p.m.) levels respectively. A marked concentration of manganese occurred in the tOP$ of the leaves at both manganese levels (Plate 1, Figs. 2-4). At the normal level a marked accumulation of manganese in small "islands" distributed irregularly over the cotyledons and lower leaves occurred. There were no external symptoms in the leaves that produced these radio-autographs.
Comparing the radio-autographs of the eight-day, 14-day, and 23-day-old plants respectively, it is evident that the occurrence of these localized accumulations of manganese is connected in some way with the age of the tissues (Plate 1, Figs. 2-4) . The youngest leaves show no evidence of them, and it is only in the radio-autograph of the 23-day-old plants that they appear for the first time at the base of the stem.
At the excess manganese level, this localization of the manganese is much less apparent. A limited number of "spots" occur in the cotyledons, but not in the leaves, of the eight-day samples. No increase in "spotting" occurred in the 14-day samples, but at 23 days there was first evidence of "spotting" in the lower leaves and the base of the stem. No information is available regarding the particular tissues in which the manganese localization occurs.
In view of the fact that the same amount of radio-active manganese (0.035 mc.) was added to each culture, the proportion of Mn 54 to the total amount of manganese present in the culture was greater where the total manganese added was 0.5 p.p.m. than where 50 p.p.m. was added. This difference in the relative radio-activity of the manganese doses was reflected in the plants. Using the EHM2 geiger tube, the mean counts per minute per mg. of dry matter for flax plants from the two manganese levels were: Thus, it is not known whether the much greater prevalence of "spotting'~ in the radio-autographs of the normal flax plants, as compared with those receiving excess manganese, was due to the greater radio-activity of the tissues of the former plants, which would allow any localized manganese accumulations to be more readily recorded in the radio-autographs. The other alternative is that the excess supply of manganese disorganized the normal distribution of this element in the plant.
Radio-autographs of leaves showing lower leaf necrosis, which commences at or near the ultimate tip of the leaf, show that this symptom is associated with a marked accumulation of manganese in the necrotic areas (Plate 1, Fig. 1 ) . .
(ii) Radio-assays.-The results of radio-assays made on plants from the flax experiment are presented in Table 1 .
These results confirm the radio-autographs. An accumulation of manganese in the top third of each leaf occurred, irrespective of whether the plants were grown in cultures containing the normal (0.5 p.p.m.) or excess (50 p.p.m.) levels of manganese, but without an excess of molybdenum.
Where excesses of manganese and molybdenum were added jointly, the plants developed within a few days a characteristic golden-yellow interaction chlorosis of all the leaves, but most prominently of the tips of the older leaves. This manganese-molybdenum interaction has been described (Millikan 1950) . The presence of excess molybdenum had a marked effect on the manganese distribution in the leaves. In some instances the normal distribution was reversed in that the leaf base contained a higher concentration of manganese than the leaf top.
(b) Peas The first symptoms of manganese toxicity in field peas consist of a necrosis which appears along the edges of the third or fourth leaflets and corresponding stipules in the form of small greyish spots in the interveinal tissues (Plate 3, Figs. 3 and 4). These marginal spots soon coalesce, and the necrotic edge may inroll. The tendrils of the affected leaves may also show necrosis at the tip. The upper leaves of the plant may show symptoms of iron deficiency chlorosis followed by necrosis.
(i) Radio-autographs.-The pea radio-autographs consisted either of individual leaves and stipules, with or without marginal manganese toxicity symptoms, or of whole plants. In the latter case, immediately after the first radio-autograph was obtained, each plant was placed on fresh X-ray film and a second radioautograph was made. t Mo(NH 4 ) = (NH4)6Mo7024.4H20. Mo(Na) = Na2Mo04·2H20. t C = iron deficiency chlorosis. G = golden-yellow chlorosis affecting all leaves, but most apparent in the tips of the older leaves. N = necrosis of the older (middle) leaves eommencing at the tips. Severity of symptoms: -no symptoms, + very slight, ++ slight, +++ moderate. § General growth of these plants was less than the control without Mn 54 • A marked ·marginal accumulation of manganese in leaf, stipule, and the tip of the tendril at both normal and excess levels (the latter without added molybdenum) is demonstrated by the radio-autographs. The youngest leaves and the growing point are also shown to be much lower in manganese than. the older leaves (Plate 2, Figs. 1 and 2). It has also been demonstrated th<J.t the manganese accumulates in the interveinal tissues when supplied to the plant at either the normal or excess level.
Unlike flax, the radio-autographs of pea plants supplied with the normal manganese level have revealed only slight evidence of the accumulation of manganese in small "islands" in the oldest leaves.
In general, the petioles are not high in manganese, but the radio-autographs have shown them to be traversed along their length by one to three highly radio-active, thin lines -presumably corresponding to vascular elements.
Radio-autographs of plants receiving combined excesses of manganese and molybdenum have revealed a much more uniform distribution of manganese between all tissues of the plant than where excess manganese is supplied alone (Plate 2, Fig. 3 ). This applies particularly to the difference in manganese concentration between leaf or stipule edge and centre, and youngest leaves and growing point, as compared with the older leaves of the p!ants. There was also a more comparable manganese concentration in stems, petioles, and leaves.
An important phenomenon has been revealed with respect to the development of manganese-induced marginal leaf necrosis. The radio-:mtographs (Plate 3, Figs. 3 and 4) show that a withdrawal of the manganese from the interveinal necrotic areas, back into the leaf veins, occurs as the necrosis becomes complete.
Reference is made above to the making of two successive radio-autographs of the same tissues. Comparisons of these pairs of radio-autographs have consistently revealed that the location of the manganese in a leaf after the plant is harvested is not fixed. In actual fact, a marked migration of manganese from the interveinal tissues of both leaves and stipules back into the veins has been demonstrated ,( Plate 4, Figs. 1 and 2 ). This migration of manganese parallels that from the necrotic areas of the living plant. The plants used to obtain these pairs of radio-autographs were kept closely pressed against the film between two sheets of glass during exposure, so that evaporation from the leaf surface would be very restricted. Whether this increased the movement of sap into the veins is not known.
(ii) Radio-assays.-Typical results of radio-assays of pea plants are presented in Tables 2 and 3 . In general, they confirm the results of the radioautographs. Manganese concentration was found to be lower in the youngest leaves and growing point than in the older leaves of the plants. This applies also to the young and old tissues respectively of the basal shoots.
In the absence of excess molybdenum, there was, at both the normal and excess levels of manganese, a marked accumulation of this element in the edges of both leaves and stipules, and in the distal third of the tendril.
The addition of excess molybdenum caused a reduction in manganese concentration in the various tissues of the plant. In addition, the relative difference between edge and respective centre of leaf or stipule, and tendril top and base, was much reduced when compared with corresponding tissues of plants receiving excess manganese without added molybdenum. In some instances the distribution of the manganese in the presence of applied molybdenum was quite abnormal in that the leaf centre contained a :qigher concentration than the corresponding leaf edge. The smoothing effect of molybdenum on the manganese concentration of the plants confirms the results of the pea radio-autographs.
As regards the occurrence of manganese toxicity symptoms, it should be noted from the results in Table 2 that their severity cannot be related to the manganese concentration in the tissues. A very high manganese concentration in leaf 1 of the control plants did not cause the development of necrotic symptoms, whereas a much smaller marginal concentration in leaf 5 was associated with necrosis. There may be a fundamental difference between leaf 1 and the younger leaves of the pea plant with respect to manganese tolerance, as the author has rarely observed manganese toxicity symptoms in the former leaf in several unpublished water-culture experiments where excess manganese was studied. 
(c) Cabbage
Manganese toxicity in cabbage is associated with the development of iron deficiency chlorosis of the youngest leaves of the plant. At the same time, the middle leaves develop an interveinal chlorosis most pronounced towards the RADIO-AUToCRAPHS OF MANCANESE 35 edges. Marginal necrosis soon follows, and the leaf may become cup-shaped owing to the continued development of the remainder of the lamina. Necrosis may finally extend towards the centre of the lamina in the interveinal tissue. Necrotic "spotting" of the lamina may also occur. A histological examination has shown that this type of necrosis first appears in the palisade cells immediately below the· upper epidermis, but finally extends through the leaf to the lower surface. " The leaves are numbered from the base of the plant.
(i) Radio-autographs.-Individual leaves only were radio-autographed. It was found that the manganese accumulates around the leaf margin. At first the vein endings at the margin become very radio-active, suggesting a guttation effect, or secretion of manganese through the hydathodes (Plate 5, Fig. 1 ). Manganese accumulates in the interveinal tissues in a diffuse manner (Plate 5, Fig. 2 ), but later in sharply defined spots (Plate 5, Fig. 3 ), which correspond with the development of necrotic areas. After the necrotic spot is fully developed, i.e. when it has extended from the upper through to the lower surface of the leaf, the dead tissue becomes low in manganese (Plate 5, Fig. 4 ).
(ii) Radio-assays.-The results of radio-assays made on cabbage plants are presented in Table 4 .
The characteristic marginal accumulation of manganese in the cabbage leaves is demonstrated by these figures, irrespective of molybdenum level. The oldest leaves of the plants are also highest in manganese.
Marked differences in the effects of excess molybdenum applied as either ammonium molybdate or sodium molybdate respectively on manganese concentration in the tissues and the severity of manganese toxicity symptoms are indicated in Table 4 .
(iii) Analyses of Field-Grown Brassica Plants.-In view of the marginal accumulations of manganese in leaf edges of plants demonstrated by the radioautographs and radio-assays, ash analyses were made to determine whether a similar accumulation was a feature of field-grown Brassica plants.
To this end, leaf samples (petioles excluded) were obtained from a commercial crop of brussels sprouts, portion of which showed symptoms of manganese deficiency. The healthy and affected portions of the crop were sampled separately. A strip approximately ~f in. wide was cut off the edges of the leaves. This was designated the leaf edge, and the remainder the leaf centre.
The results of the ash analyses, on a dry basis, were: The results indicate that a marginal accumulation of manganese occurs in the leaves of field-grown Brassica plants. (d) Tomato Manganese toxicity in tomato is characterized by the development of iron deficiency chlorosis of the youngest leaves, and interveinal chlorosis of older leaves. Later, necrosis of the latter leaves occurs. This is usually first prominent in the distal leaflets in the fonn of discrete spots which may be either marginal or distributed over the lamina (Plate 6, Figs. 1, 2, and 3).
(i) Radio-autographs.-Individual leaves only were radio-autographed, the results being presented in Plate 6. These show that the greatest manganese concentration occurred in the terminal. leaflet and the least in the basal leaflets. Individual leaflets were also higher in manganese at the tip than the base. Be-fore the onset of any 'necrotic symptoms, the manganese was shown to accumulate in the interveinal tissues of the leaf (Plate 6, Fig. 4) .
Later, marked localized accumulations of manganese, which corresponded with the development of necrotic spots, occurred (Plate 6, Fig. 1 ). Still later, on completion of the manganese-induced necrosis, this element actually migrates hack into the veins and the necrotic spots themselves become very low in manganese (Plate 6, Figs. 2 and 3) .
(ii) Radio-a8says.-The results of radio-assays are presented in Table 5 . These show that, in the absence of added molybdenum, the manganese distribution in the tomato leaf conforms in a general way with the results set out above with respect to the leaves of flax, peas, and cabbage. Thus, the highest manganese concentration occurred in the terminal leaflet, the middle leaflets were lower in manganese, and the basal leaflets contained the lowest concentration of this element. This also confirms the results of the radioautographs (Plate 6, Fig; 1) .
Where excess molybdenum (as ammonium molybdate) was added to the culture, the relative concentration of manganese in the, leaflets of leaf 2 of the plants was reversed; i.e. the terminal leaflet had the lowest, and the basal leaflets the highest manganese concentrations. On the other hand, in the presence of excess sodium molybdate, manganese concentration was similar in each leaflet of the second leaf.
IV. DISCUSSION The distribution of manganese within the plant has been shown to be similar for all the plant species studied. There was, in general, an accumulation of this element in the older rather than the younger tissues of the plant, and in the marginal or distal interveinal tissues of the leaves. Manganese was not accumulated by stem tissue to any great degree. With peas and flax, this characteristic pattern was the same for both normal and excess levels of manganese. However, with flax an important difference was noted, in that numerous minute "islands" of manganese occurred in the 'lower portions of the older leaves and stems at the normal level, whereas they were much less prevalent at the excess level. Bertrand and Rosenblatt (1922) ; Lyon, Beeson, and Ellis (1943 ); and Goodall (1943, 1949) have reported results similar to the above with respect to the existence of a gradient in manganese concentration between the older and younger leaves of plants. Jones and Bullis (1921) and Goodall (1945) have also shown that stems or petioles are much lower in manganese than the leaf lamina.
. Manganese distribution in the plant, as determined in the present experiments, appears to be similar to that of molybdenum, which has been investigated by Lyon, Beeson, and Ellis (1943) and Stout and Meagher (1948) . The latter, using radio-active molybdenum, showed that this element was not rapidly accumulated by actively metabolizing plant cells adjacent to the vascular tissue in the upper part of the plant, or by stem tissue. However, it was accumulated in the interveinal areas of the older leaves. However, Stout and Meagher state, without giving details, that molybdenum distribution in the plant was different from that of manganese. In this regard, however, Millikan (1947) has drawn attention to the general similarity between molybdenum deficiency and manganese toxicity symptoms in plants. Both these disorders are characterized by symptoms of interveinal chlorosis and marginal necrosis of the older leaves. Mulder (1948) has also described the occurrence of necrotic spots in the upper part of the leaflets of molybdenum-deficient tomato plants.
The literature indicating the existence of an interaction between manganese and molybdenum in plant nutrition has been reviewed by Millikan (1950) , who also demonstrated the existence of highly significant but opposite interactions between manganese or molybdenum on the one hand, and nitrogen source on the other. It was further shown that the presence of ammonium ions in the solution significantly increased the toxicity to flax of a given excess of molybdenum. In the present experiments the addition of excess molybdenum in conjunction with excess manganese to a nitrate solution had important effects on both the concentration and distribution of manganese in the plant. In many instances a reduction in the manganese level in the tissue occurred. In some cases, the manganese distribution was quite abnormal in that the edge or terminal portion of the leaf contained a lower concentration than the remainder.
The movement of manganese after harvest, from the interveinal tissues into the veins, which has been demonstrated in the pea experiments above, indicates a possible limitation of the radio-autograph technique, in that a true pattern of the distribution of the manganese in the living tissue may not be obtained. This migration of the manganese may have been encouraged by the fact that the plant was firmly pressed against the film between two sheets of glass while being radio-autographed. Thus evaporation of moisture through the leaf surface would be greatly reduced. It would appear evident that, to obtain radioautographs giving the true location of manganese as it occurs in the living leaf, it is important to place the leaf in contact with the photographic emulsion as soon as possible after harvest. The radio-activity in the leaf should also be such as to reduce the time of exposure to a minimum. However, there is a possibility of radiation damage to the plants occurring if the radio-activity in the nutrient solution is increased. In this regard Russell (1949) found that even very low levels of radio-active phosphorus in water cultures may affect the rate of nutrient absorption and root growth.
An alternative to increasing the radio-activity in the plant to reduce the time of exposure for making radio-autographs would be to devise means of making radio-autographs of leaves without detaching them from the plant.
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The ash analyses were made in State Laboratories, Melbourne, under the general direction of the Chief Chemist, Mr. W. R. Jewell. MILLIKAN, C. R. (1950) Note the similarity of manganese distribution in the !Jlant at normal (Fig. 1) and excess ( Fig. 2) levels. The manganese concentration is much less in the youngest leaves and growing point than in the remaining leaves of the plant. Manganese accumulates in the marginal interveinal tissue of leaves and stipules, and in the tips of the tendrils. The stems and petioles are relatively low in manganese. With combined excesses of manganese and molybdenum (Fig. 3 ) the distribution of manganese throughout the entire plant is much more uniform than where excess manganese alone is applied (Fig. 2) .
PLATE 3 Figs. 1 and 2.-Radio-autographs of leaves from pea plants grown in nutrient solutions containing 25 p.p.m. of manganese, and sampled before the appearance of any . necrosis. The manganese has accumulated in the marginal and interveinal (Fig. 1) tissues of the leaflets and in the tips of the tendrils. leaf. The manganese accumulates in sharply defined spots which correspond with developing necrotic spots. The two necrotic spots indicated by arrows were the only ones that were fully developed (i.e. they were apparent on both leaf surfaces). Note that the manganese has moved out of the dead tissue of these two spots.
PLATE 6
Figs. 1, 2, and S.-Left, photographs. Right, radio-autographs of tomato leaves, showing symptoms of manganese-induced necrotic spotting, from plants grown in a nutrient solution containing 25 p.p.m. of manganese. In Figure 1 the upper half of the terminal leaflet was necrotic and manganese was becoming re-concentrated in the veins (compare Plate 6, Fig. 4 ). Necrotic spotting was just appearing in the lower leaflets and was preceded by or associated with marked localized accumulations of manganese. The leaf in Figure 2 showed more advanced symptoms of manganese-induced necrotic spotting, the necrosis being apparent on both leaf surfaces. By contrast with Figure 1 , no marked localization of manganese in association with the dead areas occurred, the element being concentrated instead in the veins. The enlargements of photograph and radio-autograph in Figure S of a terminal leaBet showing welldeveloped manganese-induced. necrotic spotting, show that the actual necrotic areas ultimately become very low in manganese. Fig. 4 .-Radio-autograph of terminal and adjacent leaflets of leaf from a tomato plant grown in a solution containing 25 p.p.m. of manganese. The leaf was sampled before the occurrence of any necrotic symptoms. The apical, marginal, and interveinal concentration of manganese in the leaflets is demonstrated. The base of the lower leaflet was inadvertently folded.
